The effects of strain rate and deformation temperature on the deformation behaviors of polyether-etherketone (PEEK) were studied by uniaxial tensile tests with the temperature range of 23e150 C and strain rate of 0.01e1 s
Introduction
As a semi-crystalline, high purity polymer comprising of repeating monomers of two ether groups and a keytone group, PEEK has excellent mechanical properties maintained to high temperatures and appropriate biocompatibility [1e3] . Up to now, PEEK and its composites such as carbon fibber reinforced (CFR) and hydroxyapatite (HA) filled and/or HA coated PEEK have attracted significant interest in biomaterials for orthopaedic, trauma, spinal and dental implants in recent years [4e7] .
Compared with traditional metallic and ceramic implants, PEEK has several attractive properties. On the one hand, PEEK and its composites are transparent to X-rays, show no artifacts created in CT images. On the other hand, they have shown appropriate biocompatibility and comparable elastic modulus (3e4 GPa) to human bone structures, which is beneficial for the elimination of the extent of stress shielding that is often observed in titaniumbased metallic implants. Generally speaking, the researches in this field mainly focus on the following two aspects. One is the clinical performance of PEEK as a biomaterial for orthopaedic, trauma, and spinal implants. A number of investigations have been conducted to investigate on the radiolucency, vivo degradation and radiation sterilization, the in vitro response of human osteoblasts of PEEK [8, 9] . The method to enhance of biocompatibility and adhesion to bone tissue by coating with a pure titanium layer on the surface of PEEK was also reported [10] . Recently, a novel method has been developed to produce a three-dimensional porous and nanostructured network on PEEK. By using this method, bioactivity, cytocompatibility, osseointegration and bone-implant bonding strength have been greatly enhanced [11] . The other aspect is related to the mechanical behaviors of PEEK. An extensive review of mechanical properties of PEEK has been provided [12] . The tensile properties have been examined by a number of authors [13e16] . At the same time, the compressive properties over a wide range of strain rates have been also studied [17, 18] . Recently, the notch sensitivity [19] , notched fatigue [20] , mechanical impact property [21] and the effect of microstructural inclusions on fatigue life [22] of PEEK have also been studied. As in our previous study, a constitutive model was developed to describe the flow behavior of PEEK under uniaxial compression condition [23] , and the effect of stress triaxiality on the fracture behavior of PEEK was also studied [24] . These works, combined with analysis of fracture surface, provide the basis for the majority of research on fracture properties of PEEK. Meanwhile, these studies give some great insights into the mechanical properties of PEEK at room temperature. However, hot deformation behavior of PEEK need to be further studied. Furthermore, no work has been attempted to the development of validated material models for numerical simulation, such as constitutive equation under tensile loading conditions. In this study, the effects of thermo-mechanical parameters on the hot tensile deformation behaviors and fracture characteristics of PEEK were studied by uniaxial tensile tests and scanning electron microscopy (SEM). A comprehensive constitutive model to describe the relationship of stress, strain rate and deformation temperature was developed and validated by experimental results.
Materials and experiments
The material used in this study belongs to a class of materials known as two-phase semi-crystalline polymer, consisting of an amorphous phase and a crystalline phase. PEEK 450G extruded natural rod (R€ ochling Group, Germany) was adopted in testing. The chemical formula of PEEK is shown in Fig. 1(a) . Mechanical and thermal properties of the material are given in Table 1 . The crystallinity (fraction in mass) calculated from density is 38% [25] . In addition to high resistance to gamma radiation sterilisation, high strength, good radiolucency and biocompatibility, unfilled PEEK has been widely used in both hip-joint and lumbar spinal cages and cranial implants with considerable clinical success. According to BS ISO 20753:2008, the dimension of the plate specimen can be found in Fig. 1(b) .
Tensile tests of plate specimens were carried out at room temperature, 100 C, 140 C and 150 C in a universal INSTRON servo hydraulic testing machine. The tests were performed at a strain rate of 0.01 s
À1
, 0.1 s À1 and 1 s
. The specimens were tested inside a temperature chamber made "in house". In order to have axial strain measurements, the specimens were instrumented with a video gauge, as shown in Fig. 2 . After the hot deformation, the fracture surfaces were examined by using the scanning electron microscope (SEM) to investigate the effects of the deformation parameters on the fracture characteristics of the studied PEEK.
Results and discussion

Hot tensile behaviors of the studied PEEK
The true stress-true strain curve is always used to analyse the plastic deformation behaviors of materials. Fig. 3 gives the tensile true stress-true strain curves of the studied PEEK under different deformation conditions. It is obvious that the flow behaviors are heavily dependent on the deformation temperature and strain rate. At the same time, Fig. 4 shows the effects of deformation parameters on the peak stress. Obviously, the peak stress decreases with increasing the deformation temperature or decreasing the strain rate. This is because high deformation temperature enhances the thermal activation process, and low strain rate provides longer time for energy accumulation of the polymer.
Fracture morphology analysis of the studied PEEK
The fracture morphology of PEEK associated with temperature and strain rate were further clarified by SEM investigation on the failure specimens. Fig. 5 illustrates the stress state of the tensile testing by using plate specimen. , the morphology is very rough, typical of ductile tearing. As shown in Fig. 7 , it gives the similar morphology with the strain rate of 0.01 s
À1
. Maybe the reason is that PEEK has a relative low crystallinity and nucleation density at room temperature. From early studies, it is known that increasing the crystallisation temperature can alter the intrinsic crystallinity of polymer which plays a crucial role in determining the deformation mechanisms of the material [26] .
Fig. 6-A shows the typical parabolic shape that is very close to the pre-crack tip. The preferential direction of the parabolic is that of the ultimate crack growth. This typical pattern has previously been observed by Chu and Schultz [27] and Rae et al. [12] . Fig. 6 -A (a-e) shows the detailed features from the centre to the edge of the parabolic shape. The failures initiated at randomly distributed weaker nucleation points and coalesced ( Fig. 6 -A-a), followed by a region of crack growth ( Fig. 6-A-b) . It is worth mentioning that micro-ductile tearing edges (outlined by a red dotted line) due to plastic deformation can be easily found at this region. And then, a region of striations/river markings can be found ( Fig. 6 -A-c). Characteristic striations/river markings representative of plastic flow have been reported by Karger-Kocsis and Friedrich [28] and Rae et al. [12] . It means that the observations in this study broadly agree with Karger-Kocsis and Friedrich and Rae observations. Finally, there is a transition region ( Fig. 6 -A-d) to a fast fracture region ( Fig. 6 -A-e). Fig. 6 -B shows the morphology of fast region. It is worth noting that the region suffered intense whitening due to plastic deformation before crack. As can be seen from Fig. 6 -B-b, small cavities are nucleated at the weak points of the studied polymer such as the intercrystalline zones and the boundary between the inclusions/particles and the PEEK matrix.
As shown in Fig. 7 , the fracture morphologies under the strain rate of 0.01 s À1 is also covered with typical parabolic shape, fast fracture zone and tearing edges. It means that fracture also takes places through the process of microvoids initiation, growth and coalescence. Fig. 7 -A and B show the typical parabolic shape and the fast fracture patterns respectively. Compared to Fig. 6 -A, the density and thickness of striations/river markings get more pronounced in Fig. 7 -A-c and d. It suggests that the density and thickness of striations/river markings increase qualitatively with decreasing of strain rate. Fig. 7 -B gives the typical pattern at fast fracture zone. As shown in the figure, the pattern is near perfect disk with uniform propagation in all directions. It is because of the defect-induced micro-crack in the high stress concentration region (in the centre of the specimen during deformation) due to the inclusions/particles [27] .
Effects of deformation temperature on fracture morphology
Figs. 8e10 show the fracture morphologies under the deformation temperatures of 100 C, 140 C and 150 C respectively. Generally, an increase in temperature results in a longer crystallisation time for spherulitic growth, which has a large impact on the hot deformation behavior of PEEK in terms of true strain-true stress curve (Fig. 3) . But the temperature has limited effect on the fracture morphologies for PEEK. Going through these figures, the following interesting can be found. The striations/river markings are also very obviously. But it is not the case for the parabolic shape at the temperatures of 100 C and 140 C. Above the glass transition temperature (T g ), it gives a bigger parabolic feature, as shown in Fig. 10(outlined by a red dotted line) . Moreover, the microscale morphology ( Fig. 10-c) shows drawn mountain-like morphology at fast fracture zone. However, when the temperature is lower than T g , this type of pattern is not obvious.
Constitutive equation modelling
As shown in Fig. 4 , the configuration of all the tensile true stresstrue strain curves is similar under all the deformation conditions [29e31]. It is concluded that the typical curve can be divided into four distinct stages, i.e., elastic stage (І), uniform deformation stage (P), diffusion necking stage (Ш) and localized necking stage (IV), as shown in Fig. 11 . Firstly, the stress increases linearly with the increasing of strain in the elastic stage. Work hardening plays a dominate role in this stage. Accompanying the deformation, strain concentration/necking takes place because of the mesoscopic defects such as the initiation and growth of the microvoids and microcracks inside the material. But because of strain-rate sensitivity of the flow stress, the deformation resistance in the necking area increases and the local deformation slows down. Then the necking transfers to the sections with relatively weak deformation resistance. It results that the necking sites transfer and diffuse continuously. Moreover, it gives rise to the slow decreasing of the flow stress in the diffusion necking stage. With the further straining, the damage inside specimen becomes more and more serious, which results that the diffusion of necking cannot continue anymore. Finally, the localized necking occurs. It gives the rapid drop of the flow stress in the localized necking stage. In order to choose the appropriate forming equipment and forming parameters, such as deformation temperature and strain rate, it is desirable to predict the flow stress and further to estimate the forming behavior of the materials. Here, the aim of this section is to compare the capability of the three models to represent the flow behavior of PEEK.
Johnson Cook model
Among the phenomenological models, the Johnson-Cook (JC) model [32] has been successfully applied for predicting the flow stress of materials [33, 34] . The JC model can be described as following:
where s is flow stress, A is yield stress at reference temperature and reference strain rate, B is the strain hardening coefficient, n is the strain hardening exponent, 3 plastic is the equivalent strain, _ ε is strain rate and _ ε reference is the reference strain rate, T is temperature. T reference is the reference temperature. T melting is the melting temperature of PEEK at 616 K. In Eq. (1), C and m are coefficients of strain rate hardening and thermal softening exponent, respectively.
Therefore, the total effect of strain hardening, strain rate hardening and thermal softening on flow stress can be calculated by multiplying these three terms in Eq. (1). The temperature increase to be a state of stress in which the normal stress, s z , and the shear stresses, t xz and t yz , directed perpendicular to the x-y plane are assumed to be zero. It means that the loads are applied uniformly over the thickness of the plate. caused by deformation cannot be neglected when the strain rate is relatively high. The deformation-induced temperature increase can be estimated by assuming a conversion factor of 0.9 from deformation work into heat from an initial testing temperature T 0 ,
where r is the density, C p is the heat capacity, and 3 is the strain. Assuming r and C p are constants, therefore, Eq. (2) can be rearranged to,
In the current work, 296 K (room temperature) and 0. 
Therefore, the slope and the intercept of the plot of 
Fig . 12 shows the comparisons between the predictions of JC model and experimental data. As can be seen from Fig. 12 , in the range of temperatures from 23 C to 150 C, the developed JC constitutive model can give reasonable predictions of the flow stress. But it is clear that the difference becomes obvious when the temperature is higher than 140 C with different strain rates. The bigger difference could be attributed to the change of physical properties of PEEK when the temperature is close to the glass transition temperature (T g ¼ 143 C for PEEK). At this temperature range, molecular motion is sufficient to result in slow densification of amorphous phase. With the increasing of temperature, when the temperature is above T g but below the melting temperature (T m ), chain segments in the amorphous region are sufficiently mobile to allow recrystallization, lamellar thickening and an overall increase in the perfection of the crystallites. This change in crystal characteristics can have a significant effect on the mechanical properties including flow stress.
Modified JC model І
In order to better consider the effect of temperature on the flow behavior, the modified temperature term has been developed in our previous study [23] , the modified JC model is proposed as follows: Fig. 9 . SEM fractograph at the temperature of 140 C and the strain rate of 0.01 s
À1
. Fig. 10 . SEM fractograph at the temperature of 150 C and the strain rate of 0.1 s
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Troom=T melting (9) Therefore, the slope of the plot of
The modified JC constitutive model can be summarized as follows:
Troom=T melting ! (10) Fig. 13 gives the comparisons between the predictions of the modified JC model and experimental data. However, as shown in Fig. 13 , the maximum deviation is 16%. It means that the modified JC model shows poor ability to predict the flow behavior at elevated temperature under uniaxial tensile conditions.
Modified JC model P
As a matter of fact, both original JC model and modified one cannot reflect the accumulation effect of strain, strain rate and temperature, but just simply the effect of the three influencing factors are mutually independent. This assumption helps to work out the necessary material constants by only a few data and thus reduce the times of experiments. In order to overcome the insufficient of the JC model, Lin et al. established an improved JC model [36] : (11) is simplified as,
Taking natural logarithm for both sides of Eq. (12) 
Fig. 14 shows the comparisons between the predictions of modified JC model and experimental data. As can be seen from the figure, the maximum deviation is 21%. Compared with these two models, the modified JC model П shows poorer ability to predict the flow behavior at elevated high temperature. The reason is not quite clear to us. Possibly, as mentioned above (in Section 3.3.1), further research needs to be done to develop an internal variable based flow stress model.
Analysis of the prediction accuracy
In order to further evaluate the prediction accuracy of the developed constitutive models, the predictability of the equations are quantified in terms of standard statistical parameters such as the average absolute relative error (AARE) and correlation coefficient (R) [35] . They are expressed as:
where s i expr is the measured data, s i pred is the predicted value. s expr In this study, it is worth noting that the developed phenomenological constitutive models predict the flow stress by using mathematical functions. The notable feature of phenomenological constitutive model is that they employ a limited number of material constants which can be easily calibrated. However, this modelling method is lack of physical background and just fits experimental observations. But usually the microstructures of PEEK consists of amorphous phase and crystalline phase change greatly depending on the temperature and strain rate. The change in microstructure has an essential role in flow behavior of PEEK. Therefore, it is desirable to develop physical-based constitutive models that can account for physical aspects of the material behaviors [37] . Most of them are involved in the theory of thermodynamics, crystallization of polymer and phase separation in polymer. Compared to the traditional phenomenological models, they always give an accurate definition of material behavior under wide ranges of loading conditions in terms of some physical assumptions and a larger number of material constants.
Conclusion
In the present work, the hot tensile deformation behaviors of PEEK are studied by uniaxial tensile tests. The effects of deformation temperature and strain rate on the fracture characteristics are discussed. Based on the experimental data, constitutive models are proposed to describe the flow behavior of PEEK. Some conclusions can be made as follows. (1) Due to competitive processes of work hardening, dynamic softening and the development of voids/cracks inside the material, the tensile true stress-true strain curves of the studied PEEK can be divided into four distinct stages. Meanwhile, the flow stress decreases with the increase of deformation temperature or the decrease of strain rate. (2) SEM experimental results suggest that fracture morphology is not strain rate sensitive but temperature sensitive. At the length scale of the crystalline spherulite, the striations/river marking is a common fracture model independent of temperature and strain rate. (3) The established original JC constitutive model has better prediction accuracy and can provide theoretical basis for optimizing hot forming processing of the studied polymer. It correlates well with the experimental data in the entire range of temperatures and strain rates. But it is hard to consider the change of microstructure by using the developed phenomenological model. Therefore, it is deserved to establish the physical-based constitutive model to describe the flow behavior of PEEK over the whole temperature range.
